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We have generated mutant mice for epidermal-type
fatty acid binding protein by the gene targeting tech-
nique and examined the phenotype in detail. Despite
a lack in the expression of epidermal-type fatty acid
binding protein mRNA and its protein in the skin
and other tissues of the mutant mice, the animals
appeared normal in gross and histologic examin-
ation. Northern blot analysis of other fatty acid bind-
ing proteins revealed a distinct elevated gene
expression of heart-type fatty acid binding protein in
the skin of the homozygous mice. In analyses of the
skin, no differences were observed in contents of
major fatty acids, electron microscopic appearance
as well as in¯ammatory responses in ear skin
between the mutant and wild-type mice. Basal trans-
epidermal water loss of homozygous mice was lower
than that of the wild mice. When acetone was
applied to the skin for disruption of the water per-
meability barrier, recovery in transepidermal water
loss was delayed, although maximum transepidermal
water loss upon acetone treatment was similar
between homozygous and wild-type mice in terms
of size and time course. The molecular mechanism
by which epidermal-type fatty acid binding protein
contributes to the water barrier function of the skin
remains to be elucidated. Key words: epidermis/fatty
acid binding protein/gene targeting/water barrier function. J
Invest Dermatol 118:430±435, 2002
L
ong chain fatty acids serve important roles as fuel
molecules and as components of various membrane
structures. Because of their hydrophobic nature, long
chain fatty acids are virtually insoluble in aqueous
environments and rely on speci®c mechanisms for their
ef®cient cellular entry and intracellular movements. Fatty acid
binding proteins (FABPs) can be involved in such mechanisms.
FABPs are soluble nonenzymatic proteins of low molecular weight
(about 15 kDa) that are capable of binding long chain fatty acids
(Coe and Bernlohr, 1998). At least 13 members of a genetically
related family have been identi®ed in the rodent, each of which was
originally named according to the tissue of its ®rst isolation
(Banaszak et al, 1994; Veerkamp and Maatman, 1995; Glatz and van
der Vusse, 1996). Among them, epidermal-type FABP (E-FABP) is
expressed not only in the epidermis but also in the mammary gland,
lens, brain, liver, kidney, adipose tissue, and some endothelial cells
(Siegenthaler et al, 1993; Wen et al, 1995; Jaworski and Graeme,
1996; Owada et al, 1996b; Masouye et al, 1997; O'Shaughnessy et
al, 2000).
The epidermis forms a barrier to prevent the escape of water
required for terrestrial life. The water permeability barrier is
ascribed to the lipids in the intercellular milieu of the corni®ed cell
layer immediately exterior to the granular cell layer in the epidermis
(Elias and Friend, 1975; Grubauer et al, 1987; 1989; Elias and
Feingold, 1988). These lipids consist primarily of free fatty acids as
well as ceramides and cholesterol. It is generally considered that the
lipids are mainly discharged from the lamellar bodies, organelles
synthesized in the spinous and granular cells, and the lamellar
contents undergo reorganization into a system of broad sheets
®lling the intercellular space of the stratum corneum (Schurer and
Elias, 1991). There has been evidence that disruption of the
epidermal water barrier by topical application of organic solvents
such as acetone initiates an increase in the synthesis of fatty acids as
well as ceramides and cholesterol, leading to the recovery of the
barrier, and that the inhibition of rate-limiting enzymes of fatty acid
synthesis delays barrier recovery (Menon et al, 1985; Grubauer et al,
1987; Feingold, 1991; Ottey et al, 1995). Barrier disruption also
stimulates epidermal DNA synthesis leading to epidermal hyper-
plasia (Proksch et al, 1993), which requires fatty acids as fuel
molecules and as components of various membrane structures in
the epidermal cells themselves.
The importance of long chain fatty acids in the homeostasis of
the water permeability barrier of the epidermis and the fact that E-
FABP, the potential fatty acid carrier, is expressed in this tissue
provide a rationale to generate mice with a disruption of the E-
FABP gene and analyze its phenotype with regard to the water
barrier function of the skin.
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MATERIALS AND METHODS
Construction of targeting vector Mouse E-FABP genomic clones
were isolated from a 129/SV mouse genomic library using mouse E-
FABP cDNA [nucleotides (nt) 1±523] as a probe. The targeting vector
(see Fig 1A) was constructed by standard recombinant DNA techniques:
the 2.1 kb XhoI±SalI fragment containing exons 2±4 was deleted and
replaced by a LacZ cassette in which the nuclear translocation sequence
was ligated at the 5¢ end of this cassette (nLacZ) and by a loxP-neo
cassette in which loxP sequences ¯ank the phosphoglycerate kinase-neo
cassette oriented in the opposite orientation to E-FABP transcription.
The coding region of the diphtheria toxin A gene driven by the MC1
promoter (DT-A) was then ligated upstream from the vector construct
for negative selection against random integration of the vector. As shown
in Fig 1, the ®nal vector construct consisted of DT-A, a 1.5 kb 5¢
homologous region, nLacZ-PA, loxP-neo cassette, and a 9.1 kb 3¢
homologous region.
Disruption of E-FABP gene in embryonic stem cells and
generation of E-FABP-de®cient mice Embryonic stem cells were
electroporated with 20 mg of linearized targeting vector DNA using a
Bio-Rad Gene Pulser at 0.25 V and 960 mF. Cells were plated on feeder
cells in normal growth medium for 36 h, followed by selection with
150 mg per ml G418. After 7 d, G418-resistant colonies were picked up.
They were screened individually by cleaving genomic DNA with BamHI
and by the southern blots with 320 bp genomic sequence upstream from
the 5¢ homologous region. The targeted clone was also checked for
single integration by hybridization with a neo probe. Two correctly
targeted ES clones (clones 123 and 135) were expanded and injected into
the blastocysts from C57BL/6 mice, which were then transferred into
the uteri of pseudo-pregnant ICR recipients. Male chimeras with
extensive ES cell contributions to their coats were bred with C57BL/6
female mice. Tail DNA from agouti F1 offspring was genotyped by
southern blotting analysis. F1 heterozygous females and males were
interbred and the littermates were genotyped (see Fig 1B).
Southern, northern, and Western blot analyses DNA and total
RNA were extracted from the skin of each genotype mouse of both
sexes (10 wk old) by proteinase K digestion/isopropanol precipitation
and the guanidine thiocyanate/phenol/chloroform extraction,
respectively. Northern blotting was performed as described previously
(Owada et al, 1996a). The speci®c 45-er oligonucleotide probes
complementary to murine cDNAs corresponding to nt 6008±6052 of E-
FABP (Bleck et al, 1998), nt 461±505 of heart FABP (H-FABP)
(Tweedie and Edwards, 1989), nt 6809±6853 of brain FABP (Kurtz et al,
1994), nt 436±480 of intestine FABP (Green et al, 1991), nt 74±118 of
adipocyte FABP (Hunt et al, 1986), and nt 372±416 of liver FABP
(Wolftrum et al, 1999) were used. Protein extracts from the skins of each
genotype mouse (10 wk old) were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and then electrophoretically
transferred from gels onto nitrocellulose membranes, followed by
incubation with antirat E-FABP antibody (a kind gift from Dr. F Spener,
Muenster, Germany). Detection was performed by enhanced
chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ).
Immunohistochemistry Wild-type and E-FABP-de®cient mice
(10 wk old) of both sexes were transcardially perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer under pentobarbital
anesthesia. Samples of dorsal skin were removed and cut on a cryostat to
a thickness of 20 mm. Sections were incubated with antirat E-FABP
antibody (1 mg per ml), followed by incubation with biotinylated
Figure 1. Target disruption of mouse E-FABP gene. (A) Intron/exon structure of the murine E-FABP gene and representation of the target
construct. Homologies (bold line) between targeting construct and genomic DNA, and the probe used for southern blotting are indicated. (B) Southern
blot of BamHI-digested skin DNAs from each genotype mouse. (C) Northern blot of total RNA (30 mg) from skins probed with labeled mouse
E-FABP cDNA or glyceraldehyde-3-phosphate dehydrogenase cDNA as a loading control. (D) Western blot of skin lysates with antirat E-FABP
antibody. 10 mg of protein from skins of each genotype mice were applied.
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secondary antisera. The immunoreaction sites were visualized using the
avidin-biotinylated peroxidase complex system (Vector Laboratories,
Burlingame, CA) with DAB as a substrate. The characterization of
antirat E-FABP antibody has already been described in detail elsewhere
(Guthmann et al, 1998).
Functional studies The hair of dorsal skin was removed from female
wild-type and E-FABP-de®cient mice 10 wk postnatally using an electric
shaver. Acetone-soaked cotton balls were applied by gently rolling on
the shaved area of the back for 2 min. Transepidermal water loss
(TEWL) was assessed on dorsal skin of mice using an evaporimeter
(ServoMed, Stockholm, Sweden) before and 30 min, 2 h, 4 h, 12 h,
36 h, 48 h, and 96 h after the treatment. Measurements were recorded
when TEWL readings were stabilized at approximately 45 s after the
probe was placed on the skin. Room temperature ranged from 21 to
23°C and relative humidity was maintained at 54%±55%.
The standard in¯ammation assay according to a previous study by
Opas et al (1985) was performed with both the wild-type and
homozygous mice. For induction of skin in¯ammation, arachidonic acid
(2 mg in 20 ml) or vehicle was applied topically to the inner skin surface
of ear auricles at left and right sides, respectively, of E-FABP-de®cient
and wild-type mice (10 wk old, each n = 6). After 1 h, the thickness of
the ear auricles was measured by microruler (Mitsutoyo, Kasugai, Japan),
and pieces of ear auricles were removed by punch biopsy (6 mm in
diameter), ®xed in 10% buffered formalin, processed for embedment in
paraf®n, and sectioned. The sections stained with hematoxylin were
subjected to morphologic observation.
Electron microscopy Pieces from dorsal skin of wild-type and E-
FABP-de®cient mice of both sexes 10 wk postnatally were ®xed before
and 15 min, 30 min, 2 h, 4 h, 12 h, and 48 h after the acetone
treatment by immersion in 4% paraformaldehyde/5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4) for 24 h. Samples were post®xed in 1%
buffered osmium tetroxide, stained en bloc with 2% uranyl acetate before
dehydration in graded series of alcohol, and embedded in epon.
Ultrathin sections were made with a diamond knife and observed with a
Jeol 1010 electron microscope.
Fatty acid analysis Pieces of dorsal skin from the shaved mice were
weighed, and total lipids were extracted with 1.5 ml of
chloroform:methanol:water (2:1:1 vol/vol) three times. An internal
standard (20 ml of heptadecanoic acid) was added just before the
extraction. Lipids were transesteri®ed with 0.8 ml of 0.5 N methanolic
potassium methoxide and the resultant fatty acid methyl esters were
extracted with 2 ml of hexane twice. The specimens were subjected to
gas chromatography analysis (Hewlett-Packard Model 5890 gas
chromatograph, Avondal, PA) under the following conditions: column,
0.2 mm internal diameter 3 25 m length (HP-FFAP capillary column,
Hewlett-Packard); carrier gas ¯ow rate, 100 ml per min (nitrogen);
column temperature, a temperature program with an initial temperature
of 130°C, increasing to 230°C at a rate of 5°C per min, maintained for
25 min. Injection port and ¯ame-ionization detector temperatures were
240°C. The fatty acid methyl esters were identi®ed by their retention
times based on the use of authentic standards from GLC reference
mixture 17AA¢ and 3C (Funakoshi, Tokyo, Japan).
Statistical analysis Paired Student's t tests were used to compare
individual points when necessary. p-values of less than 0.05 were
considered as of statistical signi®cance.
RESULTS
E-FABP-de®cient mice were viable and showed no macroscopic
abnormalities: they exhibited a normal sex ratio, weight gain, and
fertility, and their offspring were without any apparent abnormal-
ities. By histologic analysis at the light microscopy level, the
organization of skin, brain, kidney, lung and alimentary tract, in
which E-FABP expression was observed (Siegenthaler et al, 1993;
Wen et al, 1995; Jaworski and Graeme, 1996; Owada et al, 1996b;
Masouye et al, 1997), appeared normal (data not shown).
Absence of E-FABP expression in the skin of E-FABP-
de®cient mice In wild-type mice, intense immunoreactivity for
E-FABP was detected in keratinocytes of the spinous and granular
layers and epithelial cells constituting the sebaceous glands in the
dermis (Fig 2A); this is in accord with previous ®ndings by others
who reported the presence of E-FABP in human and rat skin
(Siegenthaler et al, 1994; Masouye et al, 1996; Watanabe et al,
1996). In contrast with the previous ®nding in cultured human
dermal microvascular endothelial cells (Masouye et al, 1997), no
distinct immunoreactivity was seen in the dermal microvasculature
Figure 2. Immunohistochemical analysis of dorsal skin from adult wild-type mice and homozygous mice with E-FABP antibody. (A)
Wild-type mice; (B) homozygous mice. Note the absence of positive immunoreactivity throughout the skin of the homozygous mice. Scale bar: 100 mm.
Figure 3. Northern bolt analyses of E- and H-FABP in the skin
of each genotype mouse. Note the increased expression of H-FABP
in the skin of heterozygous and homozygous mice of 0.7 kb. As the
internal control, the expression of glyceraldehyde-3-phosphate
dehydrogenase mRNA is shown.
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of the wild mice in this study, and the signi®cance of this species
difference remains to be elucidated. The absence of E-FABP
mRNA and protein in the skin of E-FABP-de®cient mice was
con®rmed by northern and Western blot analyses, respectively,
whereas the expression level of E-FABP mRNA and protein
were decreased to 50% in the skin of the heterozygous mice
(Fig 1C, D).
Compensatory upregulation of paralogous FABP in the skin
of E-FABP-de®cient mice We probed for expression of
mRNAs for brain-, intestine-, liver- and H-FABP, but brain-,
intestine- and liver-FABP expression was not detected in the skin
of mice of all three genotypes (data not shown). In contrast, the
expression of H-FABP mRNA was under the detection level in
wild-type mouse skin, but was markedly increased in the skin of
adult heterozygous and homozygous mice (Fig 3). Such a marked
elevation in H-FABP mRNA expression level was also observed in
the liver of heterozygous and homozygous mice (data not shown).
At present, we examine whether this increase in mRNA expression
is accompanied by an enhanced level of protein and we aim to
identify the cells responsible for this expression.
Fatty acid composition in the skin No obvious differences
were seen in the epidermal content of the major C14, C16, C18,
C20, and C22 fatty acids between the homozygous mice and the
wild counterparts as judged by gas chromatographic analysis (n = 3;
Table I).
TEWL in E-FABP-de®cient mice The chronologic changes
of TEWL following the water barrier disruption with acetone
treatment are shown in Fig 4. In the pretreatment state, the value
of TEWL of the homozygous mice was signi®cantly lower than (by
almost half) that of wild-type mice. In the wild-type mice, on the
other hand, a progressive increase of TEWL was observed during
the ®rst 30 min after acetone treatment (initial phase), and TEWL
reached and remained at maximum (about 180% of the
pretreatment level) during the following 31
2
h (intermediate
phase). Thereafter, TEWL decreased progressively, reached 125%
of the pretreatment level at 36 h, and eventually returned almost to
the pretreatment level at 48 h (late phase). In the homozygous
mice, on the other hand, TEWL increased from the lower basal
level at the initial phase after acetone treatment and reached a
maximum level similar to that of the wild-type mice in the
intermediate phase after the acetone treatment. Thereafter, TEWL
decreased in the late phase with a time course similar to that of the
wild-type mice and eventually reached the lower basal level at 96 h
after acetone treatment. TEWL was not affected in both the wild
and the homozygous mice when they were treated with saline (data
not shown).
Electron microscopy The general ultrastructure of the
keratinocytes in the mutant mice was essentially in accord with
that of the wild-type mice, whose ultrastructure including lamellar
bodies is well documented in the literature (Odland and Holbrook,
1987; Landmann, 1988; Menon et al, 1992). No signi®cant
differences were noticed between the two genotypic mice by this
electron microscopy assessment, although the population density of
lamellar bodies in the cytoplasm and those in association with the
external surface membrane of the keratinocytes was topographically
variable in both groups (Fig 5A, B). The chronologic changes in
the appearance of the lamellar bodies and their exocytotic features
after acetone treatment in the mutant mice were basically the same
as those of the wild ones (Fig 5C, D), the latter in accord with a
previous report (Menon et al, 1992); in short, the paucity of the
lamellar vesicles in the keratinocytes shortly after acetone treatment
progressively recovered to the pretreatment condition by 24 h after
the treatment.
Arachidonic-acid-induced in¯ammatory response Arachidonic
acid, the precursor of in¯ammatory mono-hydroxylated derivatives
and eicosanoids, has been recognized as a ligand of E-FABP
(Siegenthaler et al, 1994; Kane et al, 1996). Thus we carried out a
standard in¯ammation assay (Opas et al, 1985) in both homozygous
and wild-type mice. Signi®cant differences between the two mouse
groups in terms of the basal ear thickness and the degree of increase
in thickness were not observed after application of arachidonic acid
(Table II).
DISCUSSION
Because each member of the FABP family shows relatively similar
ligand binding properties in vitro (Coe and Bernlohr, 1998) and
heterogeneous expression patterns in animal tissues, investigation of
its speci®c physiologic functions is rather dif®cult. The E-FABP-
de®cient mice that we have established in this study may be a useful
animal model for understanding the speci®c in vivo function of E-
FABP. In spite of its bene®cial aspects the gene targeting technique
also carries the risk of compensation by other member(s) of the
FABP family in terms of phenotypes. The super®cial lack of
obvious morphologic and metabolic phenotypes in the normal
development of E-FABP-de®cient homozygous mice raises the
possibility of compensation by other FABPs for E-FABP de®-
ciency. Indeed, among ®ve other FABPs examined in this study,
the expression level of H-FABP mRNA in the skin and liver was
markedly elevated in the homozygous mutant mice. Considering
the fact that H-FABP is one of the most structurally related proteins
to E-FABP in the FABP family and its binding property to fatty
acids is very similar (Kane et al, 1996), it is highly possible that, in
the homozygous mice, H-FABP may play compensatory roles in
the tissues in which E-FABP is originally expressed. In previous
Table I. Constituent fatty acids of mouse skin lipids
Fatty acida Wild-type wt%b Homozygous wt%b
14:0 1.9 6 0.15 1.8 6 0.33
16:0 29.2 6 0.17 27.9 6 1.44
18:0 4.3 6 0.47 3.4 6 0.14
18:1 29.7 6 0.71 29.6 6 0.33
18:2 26.3 6 1.16 28.2 6 1.91
20:4 0.7 6 0.08 0.8 6 0.21
22:6 0.5 6 0.06 0.6 6 0.20
aNumber of carbone atoms: number of double bonds.
bMean values 6 SD (n=3).
Figure 4. Chronologic changes of TEWL measured in the dorsal
skin of wild-type and homozygous mice following acetone
treatment. The time of acetone application is indicated by an arrow; the
values at this point represent pretreatment levels. Closed circles,
homozygous mice; open squares, wild-type mice. Statistical signi®cance in
a paired Student's t test comparing homozygous and wild-type mice is
indicated by an asterisk (p < 0.05, n = 6).
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studies of gene-knockout mice for adipocyte FABP, a compensa-
tory increase in the gene expression for E-FABP was demonstrated
to occur in the adipose cell, resulting in normal composition of
fatty acids, uptake of fatty acids, and morphology of the adipose
tissue (Hotamisligil et al, 1996; Coe et al, 1999). In contrast, H-
FABP-knockout mice have been shown in another study to be
lacking in such a redundancy in gene expression for any other
FABPs, resulting in impairment of cardiac fatty acid utilization
(Binas et al, 1999; Schaap et al, 1999). Further studies including
more detailed and comparative analyses of the transcriptional
regulation, ligand speci®cities, and tissue occurrence of individual
FABPs are needed to understand these heterogeneous responses to
the de®ciency of different FABPs.
Three distinct features are noticed in the chronologic changes of
TEWL after acetone treatment of the homozygous mutant skin
compared with the wild-type. The ®rst feature is the lower basal
level of TEWL in the mutant skin than the wild before acetone
treatment. The second is a rapid catching-up of TEWL to the
maximally increased level in the wild skin within 1 h after acetone
treatment, which is indicative of more abrupt barrier damage than
in the wild. The last is a much longer recovery time to reach the
lower basal level of TEWL in the mutant than in the wild mice. No
basic differences were detected between the mutant and the wild in
terms of the percentage composition of major fatty acids in the
epidermis, however, and the population density of the lamellar
bodies and their exocytotic features in the outermost granular cells,
all of which are generally known to be intimately involved in the
epidermal water barrier (Menon et al, 1992). These ®ndings suggest
the possible presence of two factors in the mechanisms for the
epidermal water barrier, one compensated by the upregulation of
H-FABP or not primarily related to E-FABP, and the other not
compensated by the upregulation of H-FABP.
Although the nature of the two factors remains to be elucidated,
one possibility to be considered is as follows. The sebum is
generally known not to participate in the water barrier of
genetically normal skin (Yamamoto et al, 1995). It is possible,
however, that the genetic deletion of E-FABP induces some
chemical changes in the sebaceous wax that may not be supple-
mented by a compensatory increase in H-FABP expression and that
the altered wax esters contribute to the resulting lower basal level of
TEWL, considering that E-FABP is expressed not only in
epidermal keratinocytes but also in sebaceous epithelial cells
(Watanabe et al, 1996), which secrete wax esters to be incorporated
into a lipid seal in the super®cial stratum corneum. If that is the
case, the requirement of a much longer time for recovery to the
lower basal level in the mutant may represent a longer time to
accumulate suf®cient amounts of such an altered sebaceous wax in
the epidermis. In order to examine whether or not this hypothesis
is valid or to clarify the molecular mechanisms of the impaired
water barrier, it is necessary to examine further the chemical
composition of lipid components in the epidermis as well as the
alteration of fatty acid uptake into keratinocytes or incorporation of
fatty acids into speci®c membrane lipid classes by way of high
sensitivity assays in cultured keratinocytes of the mutant mice; these
are now under way in our laboratory.
Figure 5. Electron microscopy of upper portions of the granular cells facing the corni®ed cells. A substantial number of the lamellar bodies
(arrows) are present in the cytoplasm of the granular cells and their exocytotic pro®les (*) along the plasma membrane are often seen similarly in both
wild (A) and mutant (B) mice without acetone treatment. At 15 min after acetone treatment, the paucity of the lamellar bodies in the cytoplasm of
granular cells, but the exocytotic pro®les along the plasma membranes, are noticed similarly in both wild (C) and mutant (D) mice. Scale bar: 0.5 mm.
Table II. Thickness of the ear after arachidonic acid
treatmenta
Wild-type Homozygous
Control 1.1 6 0.12 mm 1.0 6 0.09 mm
1 h after treatment 1.8 6 0.16 mm 1.7 6 0.14 mm
aMean 6 SD (n = 6). Control; saline treatment.
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It should also be noted that, similar to the mutant mouse skin,
the water barrier of aged skin is not impaired or may be enhanced
in the undisturbed condition, whereas the recovery of the aged
water barrier is impaired after treatment by acetone or by tape-
stripping (Kligman, 1979; Wilhelm et al, 1991; Ghadially et al,
1996; Ya-Xian et al, 1999). Although the basic mechanisms
underlying skin aging and the mutant mouse skin are different, the
similarity in the water barrier function between the two cases is of
interest for further elucidation.
In conclusion, we demonstrate for the ®rst time that E-FABP
plays a role in maintaining the epidermal water barrier, although
the molecular and biochemical mechanism for the role of E-FABP
in in vivo skin remains to be further elucidated.
We thank to Drs Yoshiki Kudo and Masashi Umemiya, Tohoku University, for
their technical assistance and useful comments. This work was supported by grants
from the Ministry of Education, Science, and Culture of Japan, nos. 11470001 and
11694235 (to H.K.), and a grant from the Cosmetology Research Foundation,
Japan (to Y.O.).
REFERENCES
Banaszak L, Winter N, Xu Z, Bernlohr DA, Cowan S, Jones TA: Lipid-binding
proteins: a family of fatty acid and retinoid transport proteins. Adv Protein Chem
45:89±151, 1994
Binas B, Danneberg H, McWhir J, Mullins L, Clark AJ: Requirement for the heart-
type fatty acid binding protein in cardiac fatty acid utilization. FASEB J
13:805±812, 1999
Bleck B, Hohoff C, Binas B, et al: Cloning and chromosomal localization of the
murine epidermal-type fatty acid binding protein gene (Fabpe). Gene 215:123±
130, 1998
Coe NR, Bernlohr DA: Physiological properties and functions of intracellular fatty
acid-binding proteins. Biochim Biophys Acta 1391:287±306, 1998
Coe NR, Simpson MA, Bernlohr DA: Targeted disruption of the adipocyte lipid-
binding protein (aP2 protein) gene impairs fat cell lipolysis and increases cellular
fatty acid levels. FASEB J 40:967±972, 1999
Elias PM, Feingold KR: Lipid related barriers and gradients in the epidermis.
Endocrine, metabolic and immunologic functions of keratinocytes. Ann NY
Acad Sci 548:4±13, 1988
Elias PM, Friend DS: The permeability barrier in mammalian epidermis. J Cell Biol
65:180±191, 1975
Feingold KR: The regulation and role of epidermal lipid synthesis. Adv Lipid Res
24:57±82, 1991
Ghadially R, Brown BE, Hanley K, Reed JT, Feingold KR, Elias PM: Decreased
epidermal lipid synthesis accounts for altered barrier function in aged mice. J
Invest Dermatol 106:1064±1069, 1996
Glatz JFC, van der Vusse GJ: Cellular fatty acid-binding proteins: their function and
physiological signi®cance. Prog Lipid Res 35:243±282, 1996
Green RP, Sacchettini JC, Jackson KE, Cohn SM, Gordon JI: The mouse intestinal
fatty acid binding protein gene. Nucleotide sequence, pattern of development
and regional expression, and proposed structure of its protein product. DNA
Cell Biol 11:31±41, 1991
Grubauer G, Feingold KR, Elias PM: Relationship of epidermal lipogenesis to
cutaneous barrier function. J Lipid Res 28:746±752, 1987
Grubauer G, Elias PM, Feingold KR: Transepidermal water loss: the signal for
recovery of barrier structure and function. J Lipid Res 30:323±333, 1989
Guthmann F, Hohoff C, Fechner H, Humbert P, Borchers T, Spener F, Rustow B:
Expression of fatty-acid-binding proteins in cells involved in lung-speci®c lipid
metabolism. Eur J Biochem 253:430±436, 1998
Hotamisligil GS, Johnson RS, Distel RJ, Ellis R, Papaioannou VE, Spiegelman BM:
Uncoupling of obesity from insulin resistance through a targeted mutation in
aP2, the adipocyte fatty acid binding protein. Science 274:1377±1379, 1996
Hunt CR, Ro JHS, Dobson DE, Min HY, Spiegelman BM: Adipocyte P2 gene.
Developmental expression and homology of 5¢-¯anking sequences among fat
cell-speci®c genes. Proc Natl Acad Sci USA 83:3786±3790, 1986
Jaworski C, Graeme W: LP2, a differentiation-associated lipid-binding protein
expressed in bovine lens. Biochem J 320:49±54, 1996
Kane CD, Coe NR, Vanlandingham B, Krieg P, Bernlohr DA: Expression,
puri®cation, and ligand binding analysis of recombinant keratinocyte lipid-
binding protein (MAL-1), an intracellular lipid-binding protein found
overexpressed in neoplastic skin cells. Biochemistry 35:2894±2900, 1996
Kligman AM: Perspectives and problems in cutaneous gerontology. J Invest Dermatol
73:39±46, 1979
Kurtz A, Zimmer A, Schnutgen F, Bruning G, Spener F, Muller T: The expression
pattern of a novel gene encoding brain-fatty acid binding protein correlates
with neuronal and glial cell development. Development 120:2637±2649, 1994
Landmann L: The epidermal permeability barrier. Anat Embryol 178:1±13, 1988
Masouye I, Saurat JH, Siegenthaler G: Epidermal fatty-acid-binding protein in
psoriasis, basal and squamous cell carcinomas: an immunohistochemical study.
Dermatology 192:208±213, 1996
Masouye I, Hangen G, Kuppevelt TH, et al: Endothelial cells of the human
microvasculature express epidermal fatty acid-binding protein. Circ Res 81:297±
303, 1997
Menon GK, Feingold KR, Moser AH, Brown BE, Elias PM: De novo sterologenesis
in the skin. II. Regulation by cutaneous barrier requirements. J Lipid Res
26:418±427, 1985
Menon GK, Feingold KR, Elias PM: Lamellar body secretory response to barrier
disruprion. J Invest Dermatol 98:279±289, 1992
Odland GP, Holbrook K: The lamellar granules of the epidermis. Curr Probl Dermatol
9:29±49, 1987
Opas EE, Bonney RJ, Humes JL: Prostaglandin and leukotriene synthesis in mouse
ears in¯amed by arachidonic acid. J Invest Dermatol 84:253±256, 1985
O'Shaughnessy RFL, Seery JP, Celis JE, Frischauf A-M, Watt FM: PA-FABP, a
novel marker of human epidermal transit amplifying cells revealed by 2D
protein gel electrophoresis and cDNA array hybridization. FEBS Lett 486:149±
154, 2000
Ottey KA, Wood LC, Grunfeld C, Elias PM, Feingold KR: Cutaneous permeability
barrier disruption increases fatty acid synthetic enzyme activity in the epidermis
of hairless mice. J Invest Dermatol 104:401±404, 1995
Owada Y, Yoshimoto T, Kondo H: Increased expression of the mRNA for brain-
and skin-type but not heart-type fatty acid binding proteins following kainic
acid systemic administration in the hippocampal glia of adult rats. Mol Brain Res
42:156±160, 1996a
Owada Y, Yoshimoto T, Kondo H: Spatio-temporally differential expression of
genes for three members of fatty acid binding proteins in developing and
mature rat brain. J Chem Neuroanat 12:113±122, 1996b
Proksch E, Holleran WM, Menon GK, Elias PM, Feingold KR: Barrier function
regulates epidermal lipid and DNA synthesis. Br J Dermatol 128:473±482, 1993
Schaap FG, Binas B, Danneberg H, van der Vusse GJ, Glatz JF: Impaired long-chain
fatty acid utilization by cardiac myocytes isolated from mice lacking the heart-
type fatty acid binding protein gene. Circ Res 85:329±337, 1999
Schurer NY, Elias PM: The biochemistry and function of stratum corneum lipids.
Adv Lipid Res 24:27±56, 1991
Siegenthaler G, Hotz R, Chattelard-Gruaz D, Jaconi S, Saurat JH: Characterization
and expression of a novel human fatty acid-binding protein: the epidermal type
(E-FABP). Biochem Biophys Res Comm 190:482±487, 1993
Siegenthaler G, Hotz R, Chatellard-Gruaz D, Didierjean L, Hellman U, Saurat JH:
Puri®cation and characterization of the human epidermal fatty acid-binding
protein: localization during epidermal cell differentiation in vivo and in vitro.
Biochem J 302:363±371, 1994
Tweedie S, Edwards Y: cDNA sequence for mouse heart fatty acid binding protein
H-FABP. Nucl Acid Res 17:4374, 1989
Veerkamp JH, Maatman RGHJ: Cytoplasmic fatty acid-binding proteins: their
structure and genes. Prog Lipid Res 34:17±52, 1995
Watanabe R, Yamamoto A, Yamaguchi H, Takenouchi T, Kameda K, Ito M:
Expression of cutaneous fatty acid-binding protein and its mRNA in rat skin.
Arch Dermatol Res 288:481±483, 1996
Wen Y, Guang-Wu, Chen P, Wong E, Beckhor I: Lens epithelial cell mRNA. II.
Expression of a mRNA encoding a lipid-binding protein in rat lens epithelial
cells. Gene 158:269±274, 1995
Wilhelm KP, Cua AB, Maibach HI: Skin aging. Effect on transepidermal water loss,
stratum corneum hydration, skin surface pH, and casual sebum content. Arch
Dermatol 127:1806±1809, 1991
Wolftrum C, Ellinghaus P, Kannenberg F, et al: Phytanic acid is ligand and
transcriptional activator of murine liver fatty acid binding protein. J Lipid Res
40:708±714, 1999
Yamamoto A, Takenouchi K, Ito M: Impaired water barrier function in acne
vulgaris. Arch Dermatol Res 287:214±218, 1995
Ya-Xian Z, Suetake T, Tagami H: Number of cell layers of the stratum corneum in
normal skin ± relationship to the anatomical location on the body, age, sex and
physical parameters. Arch Dermatol Res 291:555±559, 1999
VOL. 118, NO. 3 MARCH 2002 WATER BARRIER FUNCTION IN E-FABP DEFICIENT MICE 435
